This work makes an overview of Distribute Brillouin Sensors (DBS) with Optical Fiber (OF) aiming specifically at their applications for the temperatures and strain measuring in different structures. Firstly, Brillouin Scattering (BS) effect of light waves through OF, Stimulated Brillouin scattering (SBS) Stokes and anti-Stokes are described. It continues with the DBS networks presentation, the studied methods and techniques, inventorying their main practical applications. It ends with a comparative presentation of the basic parameters for the presented different techniques followed by conclusions.
Introduction
Temperature and strain material measurement using DBS is based on BS effect discovered by Léon Brillouin. BS occurs when light transmitted through a transparent material interacts with the propagation time and space generating periodic refractive index (RI) variations due to density variation material. RI of a transparent material changes when the material is deformed by compressionexpansion, bending or temperature variations.
The interaction result between the light beam and the propagation material strain lies in the fact that a fraction of the light wave which propagates, changes its frequency and energy along the preferential angles.
If the transport material of light wave is a solid crystal, a chain macromolecular condensed or a viscous liquid, the connections between the atomic frequency and the transport material strain, represented as consisting of quasiparticle, could be: the acoustic oscillation of material mass (called phonons); the electrical charges material displacement (called polarons, in dielectric); oscillating magnetic spin (called magnons, in magnetic materials).
From the solid physics perspective, BS is given by an interaction between an electromagnetic wave and one of three crystalline material quasiparticles mentioned above. Scattering is inelastic: the photon can lose energy (Stokes process) to create one of the three types of quasiparticles, or gain energy (anti-Stokes process) by absorbing one of them. A change of the photon energy corresponds to a Brillouin frequency shift (BFS) proportional to the energy released/absorbed by quasiparticle. Thus, the BS can be used to measure the energy, the wavelength and oscillation frequency of different types of atomic chains.
BS is a result of direct interaction between light waves and the elastic acoustic waves.
Considering that the incident light rays frequency is υ, and wavelength is λ (λ = c/υ, where c is the light speed in the crystal) are reflected by a front of plane acoustic waves, their direction changing with angle θ as shown in Figure 1 .
In order to get a reflected rays maximum intensity in an interference direction, the optical distance CB+DB between rays 1-1' and 2-2', reflected by the adjacent wave fronts, must be equal to λ [1] : where: Λ = AB is the length of the scattering elastic (hypersonic) wave; n is RI of the OF core; λa is acoustic wavelength.
Light waves reflection by acoustic waves is equivalent to the incident light wave modulation with the frequency sound waves.
The frequency shift of light waves BS, b  , is equivalent to the acoustic waves frequency, a  , as expressed in:
which depends on the acoustic wave velocity in the material which, in its turn, is dependent on the temperature, T, and the relative strait, ε. It is considered, θ = 180 0 , because the maximum sensitivity of the sensor network is obtained when the scattered optical light stream is back-propagated. The light scattered frequency relative shift is:
where,
is the width of the scattering or amplification Brillouin.
Although the light frequency variation values of BS, Δν are relatively small, they can be acceptably measured by interferometry.
The fundamental parameters used in measurements of T and ε distribution along the OF are: the BFS and the power exchange (the Brillouin signal power). For this, the networks of the optical DBS were developed.
The development of lasers has improved, not only the possibilities observation BS, but also, led to the discovery of Stimulated Brillouin Scattering, which is distinguished by high intensity and more features quality enhanced.
Spontaneous BS is determined by the density fluctuations caused by the acoustic waves pressure propagated in OF, the acoustic waves being generated by the molecular thermal agitation. The light frequency is Doppler shifted depending on the speed of acoustic waves in the OF (several GHz shift in the glass). The spontaneous BS is very weak (30 dB weaker than Rayleigh scattering), SBS becoming of great importance.
In the case of intense radii (for example laser light) passing through OF, the light beam electric field variations may produce acoustic vibrations in the material by the electrostriction and the ray undergoes a BS due to these vibrations, usually in the opposite direction of the input beam phase. This process is known as Stimulated Brillouin Scattering (SBS). If the input wave power is greater than the minimum threshold, then SBS occurs and because the minimum threshold is approximately 5mW, it can be said that the OF SBS effect occurs at low power levels.
Any optical intensity dynamic change can induce a pressure wave by electrostriction. Such a model of intensity variation may result from interference of two light waves with different counter-propagated wavelengths in FO. In this case, an optical-beat signals within OF is generated. It creates a pressure wave having the same frequency with optical-beat signal, schematically showed in Figure 2 . [2] BS can be Stokes type when the wave frequency is shifted lower, and anti-Stokes, when the frequency is shifted higher, as showed in Figure 3 [2] .
Distributed Brillouin Sensors for Simultaneous Temperature and Strain Sensing

General information
The DBS technology with OF is one of the most important areas of sensors OF that provides measurements of temperature, strain, vibrations etc., in industrial, military and civilian installations, The 40 th ARA Proceedings with high resolution, on long distances [3] . A unique feature of OF distributed systems is their ability of continuous reading, almost in real time, the measured parameter being as a function of position, in any point along the fiber sensing, covering large infrastructures and distances [4] . The existing technologies use different approaches for distributed sensors, which practically, refer to the phenomenon of light scattering, interferometry, Bragg grid, and the optical loss in quasi-distributed sensors [5, 6] .
To analyze and estimate the detection performances are using the following parameters: spatial resolution; measurement accuracy; sensing range; measurement-acquisition time. These factors are, generally, linked together and a factor improving can lead to the deterioration of one or more of the others.
An example for the BS dependency of temperature and strain into a standard Single Mode Fiber (SMF) with BFS about 10 to 11 Ghz at 1550nm is showed in Figure 4 [7] .
Based on BS effect, are developed following configurations of the distributed fiber optic sensors: 
Optical time-domain approach
The time-domain approach for the BFS measuring in distributed OF is based on the use of a pulsed light beam (probe), which interacts with a continuous beam of light counter-propagated (CWpump). At any moment during the downward pulse propagation in the fiber, SBS effect occurs only in the fiber region where the two beams overlap. CW intensity received at the section where the pulse is launched is monitored as a function of time. This footprint time provides spatial information along the fiber, because the time-of-flight pulse can be used to convert the spatial coordinate in a temporal one. The Brillouin interaction will take place in a certain section along the fiber if the two counterpropagated beams present a frequency shifting corresponding to the local BFS.
Based on the loss effect of the pump beam intensity (Brillouin loss), Horiguchi et al., developed BOTDA distributed detection technique in 1989 [8] . According to this technique, a laser is placed at each end of the OF sensor. One emits a pulsed light (called probe or Stokes light with υs frequency) launched at the distance z = 0 (start of the fiber), while the other laser emits a continuous light (CW-called pump with frequency υp > υs) incident from the opposite end, z = L, L being the fiber length.
The equations for determining the strain, ε and temperature, T are:
where: Cε and CT are constants that depend on the OF properties; T is measured temperature; T0 is the reference temperature. Measuring time in a traditional BOTDA system is of minutes order and it depends on the length of the OF. This is a serious disadvantage for dynamic monitoring of the structures health.
When the pulse was reduced to 1ns, which is equivalent to 10 cm resolution, the weak Brillouin signal, due to the short interaction, significantly reduced Signal/Noise Ratio (SNR), and therefore the strait and temperature achievable resolutions are reduced. To solve this problem, a differential pulse-width pair Brillouin optical time-domain analysis (DPP-BOTDA) for high spatial resolution sensing [9] was proposed. This method uses two separate different pulses: a long pulse (a few tens of nanoseconds) with a small pulse-width difference (a few nanoseconds) to map the Brillouin Gain Spectrum (BGS) of the sensing fiber. The differential BGS can be obtained by subtracting between the two BGSs, and its spatial resolution is determined by the pulse-width difference of the two separate long pulses. The DPP-BOTDA provides several advantages over conventional BOTDA: (1) Narrowband BGS (a few tens MHz) and high spatial resolution (smaller than 1 m) can be obtained simultaneously. (2) The differential BGS provides stronger signal intensity and thus better SNR than that of directly using the narrow pulse in BOTDA when the pulse-width difference of the two long pulses equals to the narrow pulse width.
Brillouin Dynamic Grating Distributed Sensing
Brillouin optical fibers sensitive grating (FBG) type are silicon fibers in which sensitive elements intrinsic form of grating (grill) are photo-engraved. Practically, a periodic structure is engraved in the OF core and this periodic structure will reflect a specific optical wavelength that depends on the periodicity [4] . Varying periodicity, the wavelength will vary, too. This period depends on the ambient temperature and strait and therefore it is the basis for a simple sensor (for example, a fiber grid) that can easily be interrogated.
The basic principle concerning the operation of the system FBG sensors is to monitor wavelength shift of the Bragg signal reflected by the measured changes. Bragg wavelength λB, or a grating resonance condition is expressed as: λB = 2nΛ (5) where, Λ is the periodicity of the grid and n is the RI of the OF.
When such a device is illuminated by a broadband light source, a narrow band spectral component of the Bragg wavelength is reflected by the grating. This spectral component misses in the transmitted light. The bandwidth of the reflected signal depends on several parameters, including the length of the grid, but typically is about 0.05 -0.3nm in most sensor applications. Disturbance (for example external deformation and temperature variations) of grid results in a shift of Bragg wavelength grid can be detected in each spectrum reflected or transmitted.
The grids can be: uniform, when the grid periodicity is uniform along the axis of the fiber core and the modulation degree of the RI is constant; non-uniform, when the grid periodicity is non-uniform along the axis of the core and the modulation degree of the RI need not be constant.
In more recent studies, the concept of the Brillouin dynamic gratings (BDG-DS) in singlemode fiber with the polarization maintaining (Differential Pulse-width Pairs -DPP) [10] was implemented. In this concept, acoustic waves generated in the SBS process by optical waves (pump waves) in a single polarization, are used for reflecting an orthogonal polarized wave (probe wave) at a different frequency from the frequency of the pump.
Brillouin Optical Time-Domain Reflectometry
BOTDR is a coherent detection method that uses a pulsed light. This light is launched into OF for generating spontaneous BS. As illustrated in Figure 6 [7] , back-propagated light is measured with a coherent receiver by mixing the spread signal and local oscillator (LO) signal [11] . Because the back scattered signal power is small, the The 40 th ARA Proceedings attenuation of the fiber can cause a negative effect on the quality of the measurement. To compensate this disadvantage, the coherent detection mode is used. To extract the local frequency shift, the backscattered signal is optically mixed with the laser signal CW, and the detected pulsed signal is then electrically mixed with the microwave local oscillator signal. The recorded signal is proportional with optical oscillation amplitude at the microwave oscillator frequency, but its dynamic range decreases with the fiber length.
The main disadvantages of this method are: spatial resolution ≥1m; frequency shift is simultaneous dependent by temperature and the longitudinal strait; it is necessary to introduce an electronic filtering to remove the Rayleigh signal.
Brillouin Optical frequency-domain analysis
An alternative approach for the BS shift measurement is BOFDA. This method is based on measuring a complex baseband transfer function relating to the pump counter-propagated waves and the Stokes waves along the fiber amplitude [12] . Such a transfer function is measured for a pumpprobe frequency deviation range, so that, the fiber BFS could be recovered from each location.
An important advantage provided by BOFTA systems in comparison to the BOTDA ones is the operating possibility in narrowband. But a disadvantage of BOFDA is the relatively long measurement time, because it requires multiple measurements at different frequencies to obtain baseband transfer function with a sufficient spectral resolution. During the measurement, OF temperature and strait must be constant not to affect the measurement reliability.
Brillouin Optical Correlation-Domain Analysis
The based approach on optical correlation gave birth to the BOCDA technique, and this is based on the correlation between the probe and pump CW light waves which generate SBS. The correlation based on CW technique realizes the selectiveposition generating of SBS by controlling the correlation between the light waves of the pump and counter-propagated probe and simultaneously frequency modulation of them by a sine wave which generates the correlation with the periodic peaks [13] .
The disadvantage of BOCDA system is limited measuring range due to the periodic nature of the detection position, the measuring length is shorter than other Brillouin sensors, the transducer is more complex and post-processing is more laborious, increasing the measurement time.
Applications and performance
The applications of sensitive distributed OF extend from the health monitoring systems to technical structures, in research and medicine (medical instrumentation). They are part of devices for measurement of: temperature and strain, pressure in enclosures, high voltage transformers, electric power lines etc. They can detect: fire, leakage of gases and liquids in pipes, intrusions in perimeters and enclosure, defects in structures etc. They become indispensable in monitoring and diagnostics applications for: means of conveyance (planes, ships, cars); damage from earthquakes; deterioration of large structures (bridges, dams, buildings, tunnels).
The main performance of systems based on Brillouin distributed OF sensitive achieved over the last three years, are shown in Tables 1 and 2 . FUT -fiber under test (distributed sensor). 
Conclusions
Performances of different techniques and methods are markedly different, each of them can be used according to specific application types.
Performances obtained until now have allowed the realization of functional equipment and systems in practical activity, but studies aim at the methods and techniques diversifying, including a combination of Brillouin, Raman and Rayleigh effects in order to improve the performance and diversify the applications.
